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1 NMETHOD AND APPARATUS TO MAXI M ZE THE TOP

SPEED OF BRUSHLESS DC MOTORS CROSS- REFERENCE TO
APPLI CATI ONS WO 96/15583 The present application is related t ﬁ#ﬁg}?‘m
fol lowing U S. Patent Applications, all filed concurrently with or
prior to the present application: 1. "Arcuate Scan Tape
Drive," inventors John M Rot henber g, Joseph Lin, Robert H. Peirce,
Rlchard MIo 10 and M chael Andrews, Serial INo. 08/113 996, filed August
30, 1993. 2. "Arcuate Scan Read/Wite Assenbly,"

I nventors Gary Nel son and Stephen J. Cronpton, Serial No. 08/ 337, 255,
filed Novenber 10, 1994. 15 - 3. ~ "Econom'cal Wde Range Speed
Cont r ol System ™ inventor Martyn A. Lewis, Serial No. 08/337, 803,
filed Novener 14, 1994. 4. "Systen1and'thhod For Accurate
Ar cuat e Scan Head Position," inventors Martyn A. Lewis and Paul 20

St avi sh, Serial No. 08/ 337,903, filed Novenmber 10, 1994. The
above applications are all assigned to the assi gnee of the present

I nvention and are all expressly i ncor porated herein by reference. 25
FI ELD OF THE | NVENTION - The present invention relates

generally to not or s METHOD rAND | ARBDARATES 10, MAXIMIZE | TEETOPt 0 a
systemto nmexinze the- top spe@PEﬂD mmma%tmsmmns '

CROSS-REFERENCE TO RELATED APPLICATIONS
5 : The present application is related to the

following U.S. Patent Applications, all filed
concurrently with or prior to the present application:

1. "Arcuate Scan Tape Drive," inventors John
M. Rothenberg, Joseph Lin, Robert H. Peirce, Richard Milo

10 and Michael Andrews, Serial No. 08/113 996, filed August
30, 1993. ' '

2. "Arcuate Scan Read/Write Assembly,"
inventors Gary.Nelson and Stephen J. Crompton, Serial No.
08/337,255, filed November 10, 1994.

15 ' - 3. "Economical Wide Range Speed Control
System, " inventor Martyn A. Lewis, Serial No. 08/337,803,
filed Novemer 14, 1994.

' C 4, "System and Method For Accurate Arcuate
Scan Head Position," inventors Martyn A. Lewis and Paul

20 Stavish, Serial No. 08/337,903, filed November 10, 1994.

The above applications are all assigned to the

' a551gnee of the present invention and are all expressly
1ncorporated herein by reference.

25 : S FIELD OF THE INVENTION
' - The present invention relates generally to
motor speed control systems and, in particular, to a
system to maximize the top speed of commutated motors
including brushless DC motors relative to the given motor
30 supply voltage. ' o ' '



I ncl udi ng brushless DC notors relative to the given notor 30 supply

vol t age. WO 96/ 15583

PCT/ US 2 R
BACK HE | NVENTI ON " There has beenPGRFSUMIhyes to
be a need to efficiently maxi m ze the operational speed of brushless
.DC notors, and step notors in general. Brushless DC 5 notors are

mul ti - phased, typically 3 phased, notors that are comrut ated by the

sel ective application of w nding &ive signals applied in reference to

the notor shaft rotational position. Step notors and synchronous
not or s, when driven mg—eecg 1> @We in the same way 10

as a brushl ess DC rfmwre h&erbeenpandscbatenubbusbl B8S aDheed tiptors shall

be consi synchr.on A basi c
understa%l o~ o xg;i%& ER% ?é@?ﬁgégnﬁﬁdggﬁgpaf’%oi?wgg%| ded by
Acar nl ey, DC motcsrs;ppam@ sbeprsotarsuitegenekhadier nBPashELpssnlelS Practice",

Pet er g Per, n?ﬂg 198
Br ush essrle)C? frryots%ir‘ésqgf]é&% ns%&eg@écﬁﬁ g 3 Sﬁg? eE°F855 Eg‘ﬁttr ol based
on cont r TS| GREMAEeeR Y e'élh%yselecﬁlﬁﬁt appiheatiposefi wanddagsducer .

Vari ous &ﬁm nﬂé Wslﬁrﬁeféﬁéﬁce' el EﬁénﬂoEBESQhQi*Eed on Hal |
effect sen r unted Qtlcal encoder dedi cat ed

sensor / cit® sition. “Seep m°§?ﬁ§h?‘@éss&‘:ﬁﬁ?ﬁpk‘sg@ﬁé%'ﬁlvy exhi bi t
a quasi - when simmndm azaa:leﬁe@nlobptmodee behavehaht tnesshmanwu/yen 25

t t when the
ot o0 38 v?ﬁtéy*?fa’eng%x‘?%r nGPBE! Abof phffbses pesd, REaRLeER.bE "and ¢
t he phas@t9xs shalhde c¢¢%i@%§ede‘é© hlpﬂhudegshepamei;oasqaadl - si nusoi da
back EMF syiriiltoriiud? rﬁémncmamsmhaaﬂscaﬁa@ﬁgt be"ghicH mokgespeed

The phase signal referfed to ip the previous ntence 1s understood to
mean theE\F(ng%Fd'bt %%irpl???éatlonpﬁ%sErWh‘ae‘anEYtﬁéaé'éﬁﬁlr tap in the case
of a We "gtepbing Motor's: orAttb&J.aquwaMaaérﬂorheagy gaater tap for a Delta

woungsrmtﬁt acti T&g{ efrpé@ rtlb&é :31]1%-\’]9!:&?961. ﬁo 35. sustal n a desired
speed i néreases 1 rough prop
(1982/1984) .

Brushless DC motors are often operated under
closed loop control based on control signals generated by
a motor shaft position transducer. Various sensor.

20 arrangements are known, includihg those based on Hall
effect sensors, shaft mounted optical.encoders, and other
dedicated sensor/circuit systems.

Brushless DC motors generally exh1b1t a quasi-
sinﬁsoidal variation of torque with shaft position when -

25 one phase is excited with a constant current.

Cd;#espdndingly, when the motor is driven by an external
_prime mover at a constant speed, and all the phases are
open circuited, each phase generates a quasi-sinusoidal
back EMF signal at a frequency and amplitude proportional
to speed. The phase signal referred to in the previous
sentence is understood to mean the voitage_between the
phase lead and-the cehter tap in the case of a Wye wound

- motor, or the equivalent notional center tap for a Delta

wound motor. Thereforé, the supply voltage needed to

35 sustain a desired speed increases in rough proportion

W

with increasing speed. The back EMF is a proportion. of
the voltage that must be applied to the brushless DC



®
Wi th increasing speed. The back EMF is a proportion of t he vol t age
that nust be applied to the brushless DC WO 96/ 15583
PCT/4JS95/ 1465 3 not or _to_sustain

a given shaftq\!%?g{”%anal speed. In comutating br BEHPS U460

notors, the comut ati on waveforns of the power signals applied to the
not or phase w ndi ngs nust be synchronized with the notor 5 shaft position.
A nunber of different general connutatlon wavef orms have been used.
Peri odi c rectangul ar waveforns are advantageous to produce a

maxi num top speed for the notor at a, glven vol t age

However, a di sad¥RHGER 0?“%%??15 291 ﬁﬁu?]a?g g%\?é?ﬁﬂmsg§e§hat har moni ¢
currents are created whichin coﬂmmmathngnbfﬁShMEBdiDOSmobufsttnet

contribute to th C u ln addition,.Ln_nma optr
systens, it is d%???ﬂﬁﬁ%lgg &%p€%§rT% g gﬂﬁu@?ﬂﬁfesbgnﬁgs ﬁpﬁﬂxﬁﬁtgﬂtghe
i npedance powernmmnrfphase WiﬂdlﬁsscﬁMSUChe syndhirorizaegl withr thet motor
frequency regpo tic e vel y
§PONGE £ %% dﬁ 73 nume 5 dﬂ?fgfeﬁg &h ?é%
t'ure an or vBve

unaf fected by tenpera I nped he current
wavef or m t hat Commﬁﬁﬁﬁkpﬁr%ﬁY%f@%@?ahﬁﬁ?aPe€$lV%e@oltB§§1P9p¢calIy has a

20 peculiar shafgcthegd Ihi‘hﬁaﬁ@ﬂ@hﬁé'érésa&fraﬂ@égéous téoﬁﬁlééﬁé@c& and
back EM. COnseggggawth rect % % drive waveforns are lcult to
apply in practi %% u %ﬁttPﬁp%BEﬂEeaEnﬁl9+Y%Fssupp y

Anot her nethod(ﬁort&geylng hlgher top speeds 25 wth-a fixed supply
voltage is advance the red
not or - speedips |ncrea§§%ﬁéﬁﬁ ne?ﬁégg #gn§£+ﬂ8 E%Eﬁ?%ggg '
G bbons, "d osewavsioxtis| that Su@pp@ngc l\»eunrents arer creatednwhidh

Real i zation of %amé%é@& NG hSs é@c anﬁsedeaﬂérw&éteadeﬁé Vol .

129, Part B, No. 982, and al sO In Ant o ni ni "Dynam ¢ Tor que

Optim zation Of E;F%%%tm RE b§/°%‘§'t‘:? EWS%@@%%@OH' PARY cEONRERLof 14th
Annual Synposi urs éme,rrent als Mdésdrable Eonémpioﬁysi»&ﬂsceﬂduaeanae%rl985

pRges 293, £ SGhgn Bue S0 Lafethle ' BSLE st PRLES" BP'LSL S¥oLSD
-drive amplifiers, the frequency response characteristics
of the motor are relatively unaffected by temperature and
motor impedance. However, the current waveform that
results from a rectangular drive voltage typically has a
20 'peculiar shape due to the complexities of motor
| conductance and back EMF. Consequently, rectangular
drive waveforms are difficult to apply in practice with
high output impedance amplifiers. '

‘ Another method of achieving higher top speeds

25 with a fixed supply voltage is to advance the phase of
the drive signals as the required motor speed is
increased. This method is described in Acarnley and
Gibbons, "Closed Loop Control of Stepping Motors:
Prediction and Realization of Optimum Switching Angle",

30 Proceedings IEE (London), Vol. 129, Part B, No. 4, 1982,
and also in Dr. L. Antognini, "Dynamic Torque
Optimization Of a Step Motor by Back EMF Sensing,"
Proceedings of 14th Annual Symposium, Incremental Motion
Control Systems and Devices, 1985, pages 293, et seq.,

35 ©published by Incremental Motion Control Systems Society,
Champaign, Illinois, 61825. This method can be used with
any shape waveform. The method generally requires use of



Chanpaign, Illinois, 61825. This nethod can be used with any shape

~waveform The nethod generally requires use of WO 96/ 15583

PCT/ US?%{ g% 4 an encoder in .
or der %ég ce a sufficient resolution of t he rot aPFHNEPSI46% ti on of
the notor shaft. SUVMMARY OF THE | NVENTION 5
Therefore, a general purpose of the present - invention is to provide a
system for efficiently maxi m zi ng notor operational speed for a given
supply vol t age. The 4present invention permits |ower
supply 10 voltages to achieve the sane top speed as conventional speed
control:QRHQ§ﬁpéaﬁI%nd¢¥@$ﬁgt9hﬁr§€ﬁ§el§a§u5f101entarespﬂatnwalpf

achi evi NG HE @it SHEEHSpdki BPgh shaeﬁénﬂotor bRageupp! y vol tages. The
i nvention achieves this result by enpl oying a nethod that never demands

"unbal anced” 15 positive and negatlve supply voltages I rrespective of
not or shaft position. AR Wil NESOR | ow cost magneto

resi stive encoder tfy ] ‘e 7 tion _sensing. The
|nven%|on can be usedgfggéggt % §é§é9$§p§gr§?s§h82 ngSPFFﬁﬁ gensors such
as opti calnm sis 2o Theowideoal ayesemnfaﬂdeffmuaémzmyt age, hereinafter

referredplQeid; fﬁ??é iéﬂﬁl( Bat onal to the
normal drive voItages or di ar|?£ d g to t lvﬁ%tgggpg ds. The CW
has a fuVRhiddge conponent t hat |s at a harnonic of the fundanental 25

conponent of the ormélapsréyeﬁupﬂhveﬂtﬂanpemzteéowwethu pl anpl i tude and

has of t be chose oV headroonf
Eo tht M9 Ig}%@rgesspre%%s é:l'lpeeve t ?t%&ﬂ%b#%pmfPﬁea 3?v€ﬂ GBEFW@%I t ag ¢
An advantsppedfcantrgl aystemsvenilendrivihg the sambllpaﬂoorelatlvely

increasefimnnfdgquéﬁgicgcﬁiev%ng %§Q+€é§ %ﬁégaéoﬁigﬁoﬁkoéﬁgnbgﬁﬁ step

not or Wi 'easi ng t f t her
advant ag&hst SunRpPly sxakkages ent TR sventleneaabieveg thiguresuhta given ,

top speeghyalenbldy¥ig a method that never demands "unbalanced"

15 positive and negative supply voltages, irrespective of
motor shaft position. The present invention uses a low
cost magneto resistive encoder to provide precision shaft
position sensing. The invention can be used with other
types of shaft position sensors such as optical encoders.

20 The method uses an addihional voltage, hereinafter
referred to as a common mode voltage (CMV), that is
additional to the normal drive voltages ordinarily'
supplied to the motor leads. The CMV has a fundamental
component that is at a harmonic of the fundamental

25 component of the ordinarily supplied drive waveform. The
amplitude and phase of the CMV may be chosen to provide

. additional voltage "headroom" so that higher speeds are
attainable with a given supply voltage.

+

An advantage of the present invention is the
30 ability to relatively increase the top speed of a
brushless DC motor or closed loop step motor without
increasing the supply voltage. | _
Another advantage of the present invention is
the ability to sustain a given top speed at a lower
35 supply voltage. : :
A further advantage of the present'invention is
the ability of motors to achieve higher speeds while



35 §upply vol t age. A further advantage of the present

i nvention is the ability of nmotors to achieve higher speeds while

WO 96/ 15583 PCT/U895/14650

mai nt ai ni ng the pre sP&"rred characteristics of sinusoidal or n‘é‘g’rlJ ?/5/14650
si nusoi dal drives. Yet anot her advantage of the present.

I nvention Is the ability to enhance the acceleration torque of a 5
notor froma given supply voltage at high spge In addition, for a

given top speed and | oad, the power taken fron1the power supply is |less
than prior art neth anot her ., advant age

present i nvé'??t’lr%r?"l%uf% tih%cﬁﬁe%?%e‘gn%h?ﬁwtf)%’fb%?l?ﬁpg aﬁt‘:ﬁuﬁeldﬁ?‘l ver

anplifiers may o mearly simpisordal drives. i nventi on. : Yet
Sty another advant age ofyde GuSaRERlaqvant A4t Ofnd o Bakak e tyLaRy LAY
cost and | ow conplexity (S are require | The |nven I on.
15 véis &he Ial?all-lfiﬁfl[ﬁ'e'-? m%g%h%fawel%:@%m torqguevefitdon is
that there age RHtAW KFom NEILRFRS @% n@oltagéva@rhigﬁfépééaameﬁnt hat

e resen i nvention.

arise as a conse ce of usin

BRI EF DESCRI PTI a%d&t [S!El%/\va}g\l(%l"en top spee api 193dal tlaevaﬂvaﬁeg?ken
ffaat ulres agd fm:lmd frtﬂré powdr lcmpﬁlyrmpxes@ntham\/pmdﬁﬁrlamtlmebngaﬁe nor e
clearly understood fromt t he odi nent s
when taken in conjuncti onr%:'t](r?' %%ga%@%%‘%él %éd'f'l:ﬁ\n Plﬁ%s erein |ike
ref erence nuner dinventiaofesigyrthat Ihath jaigh anddloweowtput. impedance
Figure 1 il{yst 5@t nlioste s iy %@Médoin i npighg%ﬁeiﬂ%etﬂéoduced by

each phase w nding of a Brushless DC not or mhe ing is excited
i ndependent | y wiiVeRFioRconstant current; Figure 2
i1lustrates the phase currxeerﬁSstm aanotnéﬁru‘dvmager@f%nérp{-éséﬁéltlOn

required to nai ntnz%}er}ltlon id t‘k Rﬁ‘é%? fev\zmlgm e_not or aioa uni f rmshaft

speed cost and low camp
parts are required to implement the invention. .
15 Yet still a further advantage of the present

invention is that there are no new or increased existing
motor inefficiencies that arise as a consequence of using
the present invention. '

20 BRIEF DESCRIPTION OF THE DRAWINGS
Additional advantages, features and
characteristics of the present invention will become more
clearly understood from the following description of the
embodiments when taken in conjunction with the
25 accompanying drawings, wherein like reference numerals
designate like parts, and wherein: |
. Figure 1 illustrates the phase relationships of
the torque produced by each phase winding of a brushless
DC motor when each winding is excited independently with
30 ' a constant current;.

' Figure 2 illustrates the phase currents, as a
function of motor shaft position, required to maintain a
three-phase, two-pole motor at a uniform shaft speed
while delivering a uniform torque.to a load;

35 Figure 3 illustrates the motor phase currents,
as a function of shaft positionm, required to maintain a
three-phase, two-pole motor at a uniform shaft speed



while delivering a uniformtorque to a | oad; 35 Figure 3

Illustrates the notor phase currents, as a function of shaft position,
required to maintain a t hr ee-phase, two-pole notor at a uni form shaft
speed WO96/15583 \\p g6/ 15583 ' PCT/US9S/14650.

PCT/ US95/ 14650 while delivering a uniformtorque to a | oad,

Figure 4 illustrates the phase drive voltages, as a function of shaft
position, required to naintain a t hr ee- phase, two-pole notor at a

uni form shaft speed 5 while deliveriéf\g an uniformtorque to a | oad;

Figure 5 is a block diagram of one preferred enbodi ment of an apparatus.

const r ucwedlendativeuingeannpi form tergyeesene ilioadst i on; .
Figure 6 illustratpsghbe g0ANRQsFRAReEOkhIPrhBe BV %&féaegﬁege}' eve

bal anced positive and negative supply requi renments ‘i ndep nt of shaft
positioﬁ?g 3' bunéefon °%FF'§F§ ?oﬁﬁFGQPFaF@gqﬂﬁsqnﬁﬂ'Mﬁ%?ﬁﬁﬁnuﬁ
mavefornﬁhrée#pnahéevtwg-pbeesmbtoafetdaWMhhfbﬁwB@hﬁﬁngpeed vgltages; ﬁ5
Fi gure 8 j S [ . ef orns:. . generated in accordance wt

t he Sr_es%%{'ilgn‘\a}éﬁ'lséﬁkagrgﬁ Ylﬁ%g%%@i %P%“?h&ﬁas 888 with a given supply

vol t age; ~ Figurgj §uie 8 bdogkbddegramagfamnel prefarradnative
preferfe&m@@&fﬂéﬁen&gganaapgaﬁa&asuao§g§§55%%gein!acgggg§&§§JQﬁH§P with the

present Tnvention; ar , ure (s a agr am of
anot her the RBregenit iY¥eBEIPBIred embodi ment of an apparat us

DAL LED DRSO by exoapesoriLiubleaBosoehl cOMfitl Rode veltage o ont
. s . ou e presen
Ve GRETUCER| EanrBiFYS BALBRGEH BOStELVRoRars ARk R AP LIber o @7
phases areluirepents, infiependenti ofi shhlftbpoddsdonbed with respect to a
three-phase, two-Dﬁ#gugBter' 1§§99agegoEgea&§d391e899§&%1iO“a"y avai | abl e
ads. :l'%ree ea notors may e

with three or four Thr € ther "We" or
"del ta" Wa¥@Eormeur for achigvisgorbeapamgl apped’ wish lowed. stpplor esent ¢
voltages; e _
15 Figure 8 illustrates the drive waveforms

generated in accordance with the present invention for

maximizing shaft speeds with a given supply voltage;
Figure 9 is a block diagram of an alternative
preferred embodiment of an apparatus constructed in
20 accordance with the present invention; and _
Figure 10 is a block diagram of another
‘alternative preferred embodiment of an apparatus
constructed in accordance with the present invention.

25 ”  DETAILED DESCR ION OF I S
T Although the present invention is applicable to
brushless DC motors of arbitrary numbers of phases and
poles, the invention will be described with respect to a
thrée-phase, two-pole motor. Such motors are
30 conventionally available with three or four leads. Three
lead motors may be either "Wye" or "delta" wound; four
lead motors are always "Wye" wound. The present .
invention may be used with either configuration{'but will -
be described for a three lead Wye wound motor. An
35 exemplary description of the motor used in the preferred
embodiment of the present invention can be found in a co-
pending application entitled "Arcuate Scan Tape Drive,"



i nvention may be used with either configuration, but wll be descri bed
for a three | ead We wound notor. An 35 exenplary description of the notor

Used in the preferred enbodi nent of the present invention c d
i'n a co- WORM8B3appl i cation entitled "Arcuate Scan Tape Dr?@’ﬁ'g’mw
WD 96/ 15583 PCT/ US95/ 14650

7 having Serial Number 08/113,996, filed August 30, 1993, which is
assigned to the assignee of the present application. The notor
described in the aforesaid application p?opagat es a tape at

substantially 0.5734 ips 5 when |nformat|on IS being witten to the t ape

and subst anhaving Sexiad NygbgRe98 ﬁtlér'r?f%q'orf-%]sedoéq%‘sr‘ea}?' 933 om
the tape. HOWeV%hacﬁp%Qd&sléa dsttlaﬁtt&iét Iar’ﬁd:sgntafé of s prédenti N a search
node can be achi eveql usi,n 1%&9 gid l&rgléa g_glow 10

Si ne waveforns 8PRLAFEFLP d B'ﬂt\ﬂ% escr SRS Decause of
reduced or mini apbhcathampmogagwnwtas ta@manmaxdzfsnarmmm terEl73% ips

provi de a e_nearl a ot 4ietion

of notor - sha'r‘ft 5.' Peln,£ %q'\%’/%‘ve orm?‘?use I%ure ?% to show t he
phase rel ati onsaupsaamtneltlm @u@?@%dmsemhen Wmms@ chetrma TRADr
when each phase S r Ite ﬁm@{gl r-mant
Phases A, B, gkam %%gat%g esi gnat e trace : reﬁ i vel y.
Now consi der a ppgswhdde pa FoERrTEh %faﬂ) t?aéb‘ ts that

are a Sinusoi dajpettoat u@sdif:.bed b#licwy. shaft position, as dep| cted in

Figure 2. _These curr vvavef ne_are in C

I:im'ta_tionl0 t hat their G RET pozaeciegzﬁ:gea& ]Wélngﬂf e

three notor phamshy.e@sam modamebd};awsej dhasdtie® or meplal vel y, the

formulae for th ou vidé |
Babiorld MEAUANE  Sine waliRstl WH4Y (UHid O Sprévedile

iferr], if[err], [err](l,[err])
= |Isi n( [err]- 2[ oore) nearly constant production of i§e¥qyg |ag & rqgnctlon

I([err]) of motor shaft anglid €l (dide€rwdverod®i 14 [wdéd 2 eFidyre

15 1 to show the phase relationship of the torque produced -
by each 'phase of the motor when ‘each phase is _separat'ely
excited with the sa.m'e' éonstant current. Phases A, B, and
C are designated by traces 1, 2 and 3, respecnvely

o ‘Now consider a brushless DC motor driven by

20 phase winding currents that are a sinusoidal funczion of

motor shaft position, as depicted in Figure I. Trese

current waveforms are in accordance w.:" the ..mitation
that their algebraic sum must be zero. Denstini the
three motor phases by Phase A, Phase B and Phase C,

25 respectively, the formulae for the three 1nstanta1_'1eous
phase winding currents, i,, iz, ic, are respectively:

i,(1,0) = Isin(o-zg)
1,(I,8) = I(6) - (1)

i1, 0) = Is:Ln(0+2 ) |

The total instantaneous torque produced by the

motor is defined as the sum of the instantaneous torque

 contributed by each phase, due to the instantaneous phase

30 winding currents of Figure 2. The formula for the torque
is:



The total instantaneous torque produced by the motor is defined as thé

sum of the instantaneous torque contri buted by each phase, due to the
i nsta phase 30 wi nding currents of Figure 2. The fornula for the .
t or g %rb‘?‘gf”é | WO 96/ 15583 PCT/US95/14650
PCT/U895/14650 : a 8

~Tlerr](l,[err]) = i[err]Klerr]sin([err]-2[err])+i[err]Kerr]sin([err])
+i[err]Klerr]sin([err]+2[err]) in which if[err], i[err], and iferr] -
are given above by equation 1. 8 Substituting the known
rel ationships for the I nst ant aneous currents fromequation 1 into

t 2: ]1(lI r], Kl err]) = |IKlerr] sin
((a?g(riri 02[ err])| err] +1 Fef érp ] sT rf-A%@-@P-P](fr %ﬁ} +igl n(d)

| K 2 f t hi | de2)
LIt Cwi RO

torque produced by the sinusoidal current 'maveforns shown in Figure 2
i s i ndepepd fg sha{ n mload will be
driven atfﬁ GHS'CH ma’sndee% \%Iz%h gtJ'hemfhr ee ky] r{Iggf ‘carrying

currents with:a pe§Rb6§P-G§té@9e|tﬂhen(k@°bm tﬂﬁdaltcamma@ommmpes in

accordanfﬁsﬂahbahaeuw&amaeg %rol @di@tdon 1 i n 2lhe vol tage
requi red at each notor sustain a unf#ornr peeé’and produce a

~uniformtorque is T,(I,0,K,) = IK, Sin(9'2§)2+11§,,, sin(0)?

pl : (3)
+IK,, sin(0+2§JZ- '¢
simplifying this yields: .
T(I,K) = 31K, Y

5 Thus, the torque produced by the sinuedidal current :
| waveforms_shoﬁn in Figure 2 is independent of shaft
angle. This means that a uniform load will be driven at
a uniform speed with the three motor windings carrying
currents with a peak value determined by the load and
10 waveshapes in accordance with the waveShapes of Figure 2.

The voltage requlred at each motor lead to'_
sustaln a uniform speed and produce a unlform torque is
- affected by the phase back EMF, the phase resistance, ‘and
15 the-phase inductance. If the motor is electrically well
balanced the unused center tap will remain at or near
ground potential while the motor is running. If the -
motoer is delta wound, having no center tap, there is a
"phantom" center tap of an equivalent Wye wound motor
20 that equivalently remains at or near greund.
The relationship of motor shaft angie to motor
speed is

L8R, t) =0t | | (5)

where the assumed constant angular speed of the motor is
.25 expressed as 0 radians/second and time is expressed as t




af f ect ed by the phase back EMF, the phase resistance, and 15 the phase

inductance. |f the nmotor is electrically well bal anced, the unused
center tap m&h&-r lL.n at or near ground potential while the _notor is
running. If t M’R{)t or is delta wound, having no center tapl’qrﬂg?’g 4650 o
"phantont center tap of an equival ent We wound notor 20 that equivalently
remai ns at or near ground. . The rel ationship of notor shaft
angl e to notor 'speed is [err]([err],t)
=[err]t : (5) where tH assumed const ant angul ar

speed of the notor is_25 expressed as [err] radians/second and tine is
expressed as t seconds. v[;96p§§5gyove case of constant speed operation,

PCT/ USO5/ 14650 the instantaneous voltages required at ®ach motTCQsy | n
t he above case of constant speed operation, t he instantaneous voltages

required at each®hBtor Iead are: - V[err](i[err], [err], t,

e r1lerrlsingerr]-deche By B 8 B Rgor 4B HAPE ) R L Kerr)
(6)

+K[err][err]sin([err]t-%A

i
= i[err]R+i[err]]j [err]NPL+K[ern» ers:]rsdmt{ /(rﬂ“)]t)

vierr](iferr], [er arL) %’é&k{@q g'fPLm s 1 (8

+K[err][err]sin([ ﬁ%’
i[err],and i[err]

is j; the |nstantdﬁe&as§¥ﬁa§eLb6ﬁ ent%F

anper es; time ist secondsxhpEanMh5€2 Si stance i s expressed as R
ohns, where the per phase resistance is def i*ned bet ween t he notor
phase lead and the notor center tap or its 10 notional equivalent; per
phase i nductance is L henries, where t he per phase inductance is
defi ned bet wden where therrsquarpha‘oetl o&d mimaist le (mdtloriscgnt &het ap or its

not i onal ethg@é@ganeeﬁﬁeahass MR Mente @y 'ihﬁiﬁﬁ '{, amperes;

voIts/radlan/secon hase notor conéf
time is t seconds, per phase resistance is expressed as R

ohms, where the per phase resistance is defined between
the motor phase lead and the motor center tap or its
- 10 notional equivalent; per phase inductance is L henries,
where the'per phase inductance is defined between the
motor phase lead and the motor center tap or 1ts notional
equivalent; per phase motor constant is K, '
volts/radian/second, where the per phase motor constant
15 is defined as the back EMF between the motor phase lead
and the motor center tap or its notional equivalent; the
instantaneous phase applied drive voltages are v,,vs, and
Ve volts; the number of phases of the motor is represented'
by N;and the number of poles of the motor is represented
20 by P: In the above example, N equals 3 and P equals 2.
Using the above equations for the instantaneous
phase currents, and the relationship between motor angle
and‘motor speed, the instantaneous phase voltages may be
written as: '



¢

15 is defined as the back EMF between the notor phase |ead and the

notor center tap or its notional equivalent; the I nst ant aneous phase
appl i edyglok)ssgy¥0l tages are v[err],v[err], and vierr] ¢ﬁﬁ$ﬁgﬁﬁﬁe nunber
of phases of the notor is represented by N and the ol es of”
the notor is represented 20 by P. In the above exanple, N equals 3 and P
equals 2. Usi ng the above equations for the instantaneous
phase currents, and the relationship hetween notor angle and not or
speed, the instantaneous phase voltag may be witten as: WO
96/ 15583 PCT/U895/14650

10 ' v[err](l [err],t,RL,Kerr]) =

IRsin([err]t-2 co err

+K] erg][[er]r]si ({ r‘i l}'glj'{é'%q); %Slnﬁ'éré]-)(ﬁl}f@?p]cqs(ﬁ{'&ﬁérr]) =
IRsin([err]t) +INPL[err]cos([err]t) +K[err][err]sin([err]t)
vierr](I,[err], t,RL, Klerr]) .,.—Kphﬂgl:,_ﬁ((bq{le!rJyZ[err]) + NPL[err]cos
([err]t+2[err])

+K[err][err ]‘Q(ﬁ(,&,q.ﬁ IQ[K@.r)r r)IRs:Ln(Q t) +INPLQcos (Qt) +KP,,Qs1n(Q t)

(7) Usi ng Linpapbprer&gyati pPREinkRGUETS +&|m$ﬁn &BS(%&F“‘S for

each phase, “and® Figure 4 plots the necessary applied thge for each-
phase to nmaintain a constant speg,ms:mmtazﬂach of these figures, the

phases are denoted A B, and C, respectPvely. SN
conventional sinusoidal drive systens, positive and negative supply
vol t ages nust be designed to supply the positive and negative peak

vol t ages ©BihG tﬁépabbeé Ie@;uEJt@.Wrﬁ 4Fld#1@%0tpl%é3ftﬂé‘ecﬂfﬂéhé eghgirive @
vol t ages depjct in Fi e reveals .t ollomnn
(1) At a R85, gﬁﬁﬁ' &Elgf‘rfpﬁr&"l nece%ﬁﬁ%? @APPntde A requires
a drive veblaggeofoxzbearhspiasie ltlmenw.nmgﬁta oyl dpeed/ol tage, - while
Vol tags,  AEn Bt Engse FibUEeK W3 Padbt’ rd Hibeadi Hnd he
C, respectlvely.
' In conventional sinusoidal drive systems,
positive and negative supply voltages must be de51gned to
supply the p051t1ve and negative peak voltages as
10 depicted in Figure 4. Inspection of the required drive
voltages dépicted'in Figure 4 reveals the f:..owing
facts: : ,
(1) At a motor shaft angle cf apprcx:imately
45°, Phase A requires a drive voltage cf abcut 87% of the.
15 negative peak drive'vbltage, while Phase B reqtzres a
drive'voitage of about 87% of the positive peak voltage.
Phase C requires zero voltage. At this phase angle, the
drive voltage needs, and therefore the supply voltage
needs of the motor may ‘be said to be "balanced" with
20 resgpect to the p051t1ve and negative supplies.
(2) At a motor shaft angle of approximately
15°, Phases B and C require about 50% of the peak
positive drive voltage, while Phase A requires 100% of
the peak negative voltage. At this phase angle, the
25 voltage requirements, and therefore the supply voltage
requirements of the motor are "unbalanced" with respect
to the positive and negative supplies.
(3) Within each revolution, there are six
shaft angle positions requiring balanced drive




drive vol t age needs, and therefore the supply voltage needs of the
not or nmay be said to be "balanced" with 20 respect to the positive and

negative supply (2) At a notor shaft angle

approxi mat el y lfg‘faerr] Phases B and C require about 50% of O%‘F?emisoge“'(’aligm
positive drive voltage, whi | e Phase A requi res 100% of t he peak
negative voltage. At this phase angle, the 25 voltage requirenents, and
therefore the supply voltage requi renents_of the notor are "unbal anced"
W th respect to the positive and negativ 1supplies (3)

W thin each revolu ere $iX haf t gndl 0 gio & ¢ iring
bal anced drive ﬁd9g§ﬁﬁg6/1 §3f1rst at approxl te19 is Sther

PCT/ US95/ 14650 £five spaced at successive 60° 1nteryals fromommaiﬂﬂrst t he
first at apprOX|€@%§£¥ ofidlerr], the other five spaced at successive
60[err] interval romt he first posi ti on. (4) Wthin
each revol ution, there are(4)x Withint eagh) yevpdutinnedtheree azendisd ons:

the first ats eRPpéR&lyehabilibbear hr:.’iréecghhﬂ::.i:hiée SRRee¢igstSagcessive
60 intervals fromthe fiTst unﬁglanc ditiQ the first, third

and fifth positiOPRTSKIBALELY ohgl est o efSf1Y§5sBﬁ&e§5§td§QF€§§51ve
respectively, theoanbntenvaﬂslﬁromonﬂetfmnsdiuhba&aneeﬂoebhdielbnpplEn

vol tage sufflcl ebhe 360 OYRECATEAANE18ELVBLaARLEL SE LRaes afladd o e

positive peak voltage e ic ure and
si xth positions %Snshéﬁtaaﬂ92§§ degrees75re§9§Ctangly15tuegngbg;anced

respectivel yg th@oﬂ&ﬂ@iéﬁcéﬂcééteﬁOadeEQﬁlgeCbﬁb?iyavaﬁﬂigsggugggEéé at

vol tage sufficient to overcomne driver
peak negat i Ve® dPYSECIBEt EBe GEﬁVEFeGmPﬁlﬁﬁﬁﬁréoﬂeswPFﬁth§° thespecific
nmot or and | oad Q§o§htSveXpéakevolh&géoaeptteedndn Flgaeeaulvelﬁowne

suppl i es nust de"éﬁﬁd #5 ?f%@bt§8§tg poszgloowan%esﬁag ne v It |§ made

to account for df
el ectronic circu?s, at25j tasdudas degrepbenreSpegtthelyneShetunba&anced S

shown in Figyre 5bnd1tﬁ5h93iStétéEO&BnQ?QEgyévg&bg%gf@?ﬂEagé'BQf?&%ﬁeﬂEtp”t

25 inpedance transconductance unit
-'to overcome the drlver ‘amplifier losses added to the peak

negative drive voltage depicted in Figure 4. With the
specific motor and load of this example, the positive and
 negative power supplies must deliver nearly 22 wvolts, if
20 allowance of one volt is made to account for driver
- amplifier losses. , |
A preferred electronic circuit archltecture
- implementing the present invention is shown in Figure S.
- Pigure 5 shows a drive arrangement using high output
25 .- impedance transconductance unity gain driver amplifiers 1
and .2 and a low output impedance, phase inverting, unity
. gain driver amplifier 3, driving the motor phase windings

A, B and C, at 38, 41 and 45, respectively. Driver

ampglifier 3 has a gain of minus 1. A quadrature encoder
30 46, which in the preferred embodiment is a MR encoder,

. that produces two output signals on lines 4 and 5,
respectively, is coupled to the motor shaft 47 of the
capstan motor 39. The encoder 46 produces a sguare wave
signal on line 4 that repeats several hundred times per

35 . revolution of the motor shaft 47. The encoder 46 also
yroduces a'square wave on line 5 having the same number
of repetitions per revolution as the square wave on line



and 2 and a | ow out put inpedance, phase inverting, unity gain driver

anplifier 3, driving the notor phase w ndi ngs A, B and C, at 38, 41 and
Yvoectlvely Driver anplifier 3 has a gain of mnus 1. A

quadra A W18 oder 30 46, which in the preferred enbodi PEHUSISH4650VR

encoder, t hat produces two output signals on lines 4 and 5,

respectively Is coupled to the notor shaft 47 of the capstan notor 39.

The encoder 46 produces a square wave signal on line 4 that repeats

several hundred tinmes per 35 revolutidn of the notor shaft 47. The

encoder 46 al so produces a square wave on |line 5 having the sanme nunber

of repet i4 iags fuarthew daving ar appreyimatelmve0®nphase VO

96/ 15583 L£Up95/ 44650

12 Afiiifﬁﬁﬂﬁﬁkﬁ Ykﬁﬁr&?%ﬂs af%x?%%te?n g%g hgse A relationship

with the SSRSHPEHRR O § ?mﬂqad¥ﬁ red%%@@@ﬁ?léﬁ vsedhanqther at ure encoder
36 Useg prdﬁurred de?dﬁméﬁ%e@?odhéepfe?énthﬁn@éﬁﬁf@h igventlondlf ?h
escribed pendi ng patent_application assigned to the
aSS|g%ee S?QFﬁ' é%g #b\ RTHhe égt%ﬁ?l??g lcﬁfﬁﬁﬁtEhSEaﬁsTape Drive,"
ggveggggaHSmgnud to uhnraﬂimgqgetoﬁjtheE?reaéntb1nGBﬁ&%8n996 glled_Aungt
g ar. e e ncoder signals
o' O S Pifge Wrd o ol “hifencdd Cadhn

are processed as descrl ononmi cal Wde
Range Sp&e¥hepherg et algystexial No. 08/119 93ﬁe fhledeAugust present on
Ilnes 4 anq ameand 1@rﬁaf@mlm@o§pme@r eféf’ér% nbger egyeproducing a
untln Si nal I|ne that has a s | ed arrty  transition
for eﬁé’?ﬁ 13 %scrlbta@dna e ce®r on si gnal 'ﬂ
line 9 \Mpemﬂng\/giat(énugh'mronomld:m)widdlmgé $peedi cegtten of travel
the noto " 47. \Wen the square wave on line 4 | eads the square
wave 20 resent on line 5, the notor shaft 47 is travelling in a -
count er cl ockwi se diThsctsquars wavesEriesent honvlinésedcamid 5 apé t he notor

shaft andoibndd 88 PbIYMRlpABkdddlr | thereb? % LG94 On the ot her

hand, _when the square wave. | S tra ing t uare wa resent on
i net®, CRuntdng signad, qn ]iP:P? S t?r&%lhﬁ%galﬁp%c%fmwgba ¥¥ction with
t he transition for each period of the square wave on line 4

and a direction signal on line 9 whose level (high or
low) indicates the direction of travel of the motor shaft
47. When the square wave on line 4 leads the square wave
20 present on line 5, the motor shaft 47 is travelling in a
counterclockwise direction as viewed from the visible end
of the motor shaft and the direction signal on line 9 is
active high. On the other hand, when the square wave 4
is trailing the square wave present on line 5, the motor
25 shaft 47 is travelling in a clockwise direction with the
direetion signal on line 9 having a low value. The -
clockwise and counterclockwise directions are defined by
viewing the motor from the end at which the motor shaft
47 is visible. The counting signal on line 8 and the
30 direction signal on line 9 are passed to a bi-directional
counter 10 that contains a binary number representing an
instantaneous motor shaft angle. . Shaft position zero, by
definition, is made to correspond with the position of
the motor 39 at which Phase B 41 has zero torgue for any
35 commutation current, and at which Phase A 38 produces a
counter clockwise torque in response to a positive
commutation current (i.e., a current directed into Phase




direction signal on line 9 having a |ow value. The cl ockwi se and
count ercl ockwi se directions are defined by viewing the notor fromthe

end; at which the shaf t 47 is visible. The counting sigwabseRi ne
8 and the 30 HQ%MH signal on line 9 are passed to a bi-di rectlonaIdSb

tounter 10 that contains a binary nunber reépresenting an I nst ant aneous
tor-shaft angle. Shaft position zero, by definition, is-mde to .
correspond with the position of t he notor, .39 at which Phase B 41 has

zero torque for any 35 conmutation current, #id at which Phase A 38

q .
POGUOES, & e BT CHATHUER S A LESIRNSE o b PHUA e
PCT/ US95/ 14650 bi- d:.rect:.onal counter 10 in this lijaventiom 38yr e hough
there is no i ”deg}&h%%%' BTt dihd Most, dHe HeHA '&tﬂa«}o@@i&% o Ochd

this invention f pur pose -of reduci hg_ cost e stagrt up routine
for the dri védriveasFaangenant [fan (hﬁ]cﬁql-ﬁl‘% i %)éFRi‘IP@f‘%’-n%ppl i cation

g}slglt gneg .t gvteﬁnteor i:%&{é%ﬁ;ﬁm idds3gn éﬁlwmw|a331gﬂﬂéleerﬂﬁnghec5pendoﬁ‘anicml
NovemTer 14, 199Xide rgaﬁﬁ? ﬁ%q@e% s&ﬁ?Ng'c 08/3?37%%%%% Y’gd%éss.ed'
E(ﬁ t he f mdcroqfaahrsql ISribd Mo /3B 80Rd Diked Mgvenberi bé, 219940 In
i or boontrof er AR HRER (T P 5 {Rd Lol fount S FPtpassed to the
usual Iy call ed t micusoonteeiliend2 (shmrvaldaqhﬁd n%%b%} r\ﬁwe}l&% 21.
performs a sggi eqdiine :@déﬂ%é&'ém%dﬂné}i@dtaeetmmcﬁwcbﬁ@rdﬁiefomral

signal s on | i nes 27 35 and a ¢ n_ nod 52 t

used to commut at 80 PIESF FIRF F MR ‘?r%é >2 bugl 'fﬁrg
bi -directi olnftl cqwatlz p;]ftamﬂqwtcwn.é; ruasx?dll;s callqadistshel servuesamplmg

m crocontrol |l er thro }h8BL 0 t
obtain the prese éﬁe@%géoﬁtrouhél t?%#)é(rf gsé éeﬁ:?ﬁs 8t
conput ed shaft s@cbu;ihatlonmm gmdlscgu@Wa%l-l@@S@l@ﬂtﬁ@nEé@lr g498R4870R5

at subt rggtor ]rpes t237 °b§§"a{h§ 2 PESHSH ' REAE Qigﬁaf &Rt 2ind952 thad hiae
17. The speed error "ime 17 is transmtted npensat Oé?18

whose output is alﬁﬁﬁtﬁ%lcm%ﬁ?—?yt% Pl%?'%a‘\uﬁdbﬂg?l ﬂg ':'tge mﬂg?ﬂ

offset signal 20 having a fThe bi-directional counter output on line 21 is
| passed to the microcontroller 12 through the use of a
velocity estimator 13, to obtain the present speed of the
20 motor shaft 47 on line 14. The computed shaft speed on
line 14 is subtracted from the desired speed 15 at
subtractor 16, to obtain a speed error e of the motor 39
on line 17. The speed error e on line 17 is transmitted
to a compensator 18 whose output is a control authority
25 signal u on line 19. A first offset signal 20 having a
_value of 22° for every 62 ips, proportional to shaft
speed is added to the bi-directional counter output on
line 21 at adder 22 thereby generating a phase advanced
signal of the bi-directional counter 10 output on line
30 23. Note that all degreés described are commutation
degrees) not shaft degrees. For a N phase, P'pole motor,
there are NP commutation degrees for each shaft degree.
In the preferred embodiment there are six commutation
degrees per shaft degree. The phased advised signal on
35 1line 23 is used to address a look-up table (LUT) 24
containing digital words that are a sinusoidal function
of the address transmitted to the LUT 24 on line 23. The



val ue of 22[err] for every 62 ips, proportional to shaft speed is added

to the bi-directional counter output on line 21 at adder 22 thereby
gener atyd)ge/pssghase advanced signal of the bi-directi gpdlyssé r 10 .
output on line 30 23. Note that all degrees described are comutation
degrees, not shaft degrees. For a N phase, P pole notor, there are NP
comut ati on degrees for each shaft degree. In the preferred enbodi nent
there are six comutation degrees, per shaft degree. The phased advi sed

signal on 35 line 23 is used to addr esk® a | ook- up table (LUT) 24

Cranom 1 £ ARG BE [HE IPT04 T DAl 87 L8 mit CbL LR gpyefle 110 Address

PCT/ US95/ tessxol author:.ty signal u on line 189, at lmultiplberplé of the
LUT 24 on¢lg %ero@:cé%rﬁédiﬂé&ohmwﬂy _sigaRt ok autgﬁ&étﬂ 7$ignal u on

line 19, at fultiplier 2 gro uce orrty Signal, ua on
line 27. The Mdified | WWl Ynd? o LINEi22 3% s 5 transnitted

to a fsirstrdllrilﬂntﬁtéd)l wnal mm}zﬁgﬁaiwl amlo@%dﬁ@éﬁtggt KJBIA.E:)S a flt[szj
contro nal. on || e contro n_ lipe is transnitte
to a % b sl r}’fﬁételcﬁﬁ‘/eg 1280 F9RETO ﬁg B%f %r{' 7prescri bed
current, Sheusmntatdly sigreilecon dlite Ihais ﬁfanmistte@ntéhto commut at e
Phase A 3 stcrlﬁxdg] fﬁg‘* ffs havi ng a val ue
of 120[er ?]ﬁf,‘ us %’1"?&9‘1 jﬁrer @ ]?pis &}or%%% |on to shaft speed
i s added p;‘escrqhqgi &WQ’E&UWS% ly reliatedorolthe ellaﬁta adder 31

t her ey g 10 47 e Comice Pl 03 9§ P eckd -mdto éect onal

count er out EP |.i ng 32, %* hase advanced Sl gna ? i ne 32 ‘s

used to a& sqfr signal VIRA fitVatie i ¢k :B%olspmt?%fled by t he
control foraevery t62 sipggalproportiomall ko skaftll speéd eis Hddé@ to obtain

a nodifie uthor T ified t ho

si gnal ub%o% }hll d% %&n%ﬁk# gﬁlt &g %’cﬁ%rﬁgﬁ% ﬁ%@’é %{'Jt put is
a second thenedy depenating @n phare @ivanmette&:mmal:omt rtihe sb:gﬂal on line

40 is15 dtlrx@&mdﬂaqd d&ﬁﬂ@:ti@wc‘éﬁm&rsyer e pil ﬁéé 2t whi ch

. delivers rescr bed rrent,, sinusojdally_related 25 to t
posi tion 3- Qi line 33 ;s msed to address the LUT 24

whose output.on line 33 is multiplied by the control
authority signal u on line 19, via multiplier 34, to
obtain a modified authority signal ub on line 35. The
20 modified authority signal ub on line 35 is transmitted to
a second DAC 36 whose output is a second control signal
on line 40. The second control signal on line 40 is
transmitted to the transconductance driver amplifier 2
which delivers a prescribed current, sinusoidally related
25 to: the shaft position 47 to Phase B 41 of the motor 39.
In order to generate the CMV signal on line 57,
a thlrd offset 53 having a value of 180° plus one-third
- (1/3) of 22° for every 62 ips is added to the bi-
directional counter output on line 21 at adder 50. - The
30 output signal of the adder 50 on line 54, is used to
address the LUT 48. The contents of the LUT 48 are'such
as to ultimately produce the CMV signal on line 57
corresponding to the CMV signal depicted in Figure 6.
The amplitude of the CMV signal is proportional to speed
35 and is empirically determined to be 5 volts peak-to-peak
per 60 ips. Further improvements in speed-may be

attained by empirically ascertaining an optimum value for




In order to generate the CW signal on |'ine 57, athird offset 53
having a value of 180 plus one-third (1/3) of 22[err] for every 62 ips

i s added to t directional counter output on line 21

The 30 outpu 5?65%? of the adder 50 on line 54, is used to %&n@@%ﬁég&g
the LUT 48. The contents of thhe LUT 48 are such ~ as to ultimately
produce the CW signal on line 57 corresponding to the CW si gnal

depicted in Figure 6. The anplitude of the CW signal is proportional
to speed 35 and is enpirically determ ned t%sbe 5 volts peak-to-peak

per 60 ips. Further 0 ts,in_s attain y
enpirically ascetrl}%l‘%h’%‘i ?f%%?n\: n%ﬁn?ﬁi?ﬁﬁg?ﬁ? witn the §B?E§582
PCT/ US95/ 14650 operation. 15 . the third of fset

in accordance with the speggl oper OﬁUT g output of
the LUT 48 on line 55 is % %?u?lgﬁ %ﬁ t c%%t?%llln?horlﬁy signal u

on line 19 5 atmimlmlple%rbﬁﬂih% m%\ml aautgoratympmbnmonohme 19

the OW signgl gt Immﬁlé@esdl@btéﬁtéﬁﬂrssaﬂgﬁéagnregaresﬁnwelsyvof' gnal
on line 52 is passed_through a whose™ gut put i gnal _as

depi cted in Fi gdhe® E¥0h signal pn giine 32 iy The| digitel crepreserkatipReotiw

signal 10 on |igige Ed\avsiynumrcmomhetmtm p&@@éddtny@ugnlaame 49 The
CW signal on I|Q§)57 | t he ou put tive

anplifiers 1 and"£°1 e%"b eo\t aﬂ)%n dﬁ%?lﬁﬁe%bgegbgllﬁﬁt 6,8n
line 44 is transhine &7+ o Thee multmnh:serlﬁéeeneulrelm that athei CM¥r sEghal

tate P. f d fi
Cverting, 10°¢dn el sF id Prdpbetichal, cbehe GLUEE fPuC VRledobd,
amplifier vol tadd® %rﬂ%@ahcﬁférlw 571 %%l%‘-’%&ne@h‘élth theroutputs of

line 57 is intrahieirifer SapIDRiaesliliagd 2, r¥esbpasgeivevpal aEOaRaﬁég C 45
and notor 39. As res t 20 of u3|ng tgﬂns ogguctance erve I|f|ers 1
WhafB o e n

and 2, resp YhREORK 5¥s|§r%5?%ﬁEP?GaF
experienced at qﬂﬁnmelrnuhr&ﬁﬁeﬂmhﬁér amp¢¢£iere3ytoltommutaSenDhasesslbse

for 2Ll thge diiySdlidd ofs. (Olitce arltaPogaRRvFIgncs AUPLILELToo,

because any Snal eviation err-gains
condltlon will the CMV waveform on line 57 is subtracted from the drlver

amplifier voltages at analog adder 43. In this way, the
CMV signal on line 57 is introduced as a common additive
voltage signal to Phase C 45 and motor 39. As a result
20 of using transconductance driver amplifiers 1 and 2,
respectively, the CMV signal on line 57 is automatically
experienced at motor leads 38 and 41} respectively. It
is not possible for all three driver amplifiers to be
transconductance amplifiers because any small deviation
25 in their geins from a perfectly matched condition will
result in one or more of the amplifiers saturating.
Fortunately, all the virtues of a high impedance drive to
the motor 39 are obtained with only two of three driver
‘amplifiers configured as transconductance amplifiers.
30 Because driver amplifiers 1 and 2, respectively, are-

. transconductance amplifiers with high output impedances,
and because of the interaction produced by subtracting
the sum of Phase A 38 and Phase B 41 into the driver
amplifier 3, the amplitude of the CMV signal passed to

35 the Phase C motor lead 45 is approximately one-third the
amplitude of the CMV s1gna1 on line 57 introduced to the
analog adder 43.



result in one or nore of the anplifiers saturating. For'tunately, al |

the virtues of a high inpedance drive to the notor 39 are obtained with
only t ree driver anplifiers configured as transconductance

anpl i f%r’g;l%' Because driver anplifiers 1 and 2, respdth 4650, ¢
transconductance anplifiers wi th high output inpedances, - and because of
the interaction produced by subtracting the sum of Phase A 38 and Phase
B 41 into the driver anplifier 3, the anplitude of the CW signal
passed to 35 the Phase C notor |ead 45 is approximately one-third the

anpl i tude of the CM/ ,Si %nal on line 57 introduced to the anal og adder
43. WO 96/ 15E5dgure 6 shows the i deal CMV waveform requiwedsos/ 14650
16 for the sﬁegamcGn@t@ms ebdampléeaisefawéd/\meaiélrdﬁ m_jﬂf@éi for

t he specifi tor sed to devel and 4 supra. The
triangul a?.nﬁagoﬁgpg %/% b gﬂ{’ﬁé"% £V vapefqm,
fundarrentandcbhpoﬁant thast J.ttlsr éand'amentai tdm;mmrmt:iam:l thrreee vol tage,

s claar c£hag cne BBAVRALE Rl NE1GeAVBIAGLONEMIANA! duige Vol tages.

for gases 0 as et erdnces. e ‘co
anpl i tudesbﬁunphﬁs igurené @M@ theyconvieationgdc driiveofvoltages fimrti cul ar

notor, bughef @hraet hﬁéeahﬁen&b@ﬁ 3ot aigs r&e&n‘%&efoﬁ'ﬂé’“é&ﬁeéﬂmda”ﬁm al
conponent of thrﬁ rHre re%lpg@ of, the drive currents. Figure 6
al so showdMPlitpge: ap p&@ﬁe\l\é&eit & famgiden 1_€ not or

| S unbal athedparthcutagembtionr,t batpoSiox ue t@lﬂ:@eﬂ@ﬁ@e\/@otor syppld ers. On
the er_h v 5value of Lo when the notor is
bal anizogd i ?ﬁgregég@c%h\l\% %L?’ﬁg}" %@gaﬁl ErRRReREy 3 Sﬂ ! :
Fi gure 7 thewfraqueagy of the dwive d¢urvents. wiiguoers &3 s difdwad by the
addi tion phatheneMiNwhivB@orm hab E.Qsei'%gko‘(va 108 G YOl gl | Ve

vol t ages. , The 20_bal anced nature rive voltages is evident, as is

the reduct® BBQP%FV'EeQnHlFr@g&'F?P@Cﬁe&Q &hey Popditiyge angy negatdyigvar i son
with the gappagesst eqonr edebythe baRASNthenaMv wav&bliﬁdrﬁ% @epicted in

B A e XN N O EU
vol t ages the positive and negative supplies.
Figure 7 shows a graph of the three drive

waveforms as modified by the addition of the CMV on line
57 to each of the conventional drive voltages. The

20 Dbalanced nature of the drive voltages is evident, as is
the reduced positive and negative peak drive voltages by
comparison with the voltages required by the conventional
method as depicted in Figure 4. Although the modified
drive voltages of Figufe 7 are highly non-sinusoidal, the

25‘_phase;currents remain sinusoidal because the voltages
appﬂied across the phase windings of the motor are
sinusoidal, even if the voltages (referenced to ground)
applied to each of the motor leads 38, 41, or 45 are
highly non-sinusoidal. The current drawn by each phase

30 38, 41 and 45 is totally unaffected by the CMV waveform
on line 57 since the CMV is added equally to each of the
phase voltages and therefore, there is no change in the
voltage across each phase winding. On the other hand,
since the supply voltages for a given speed may be

35 reduced, while the needed drive current is unchanged, the
power required to drive the system is reduced. Note that
the voltages across each phase winding 38, 41, and 45 are



applied across the phase w ndings of the notor are si nusoi dal, even if
the voltages (referenced to ground) applied to each of the notor |eads
38, 41, or 453@62 - hi ghly non-sinusoidal. The current drawn by each
phase 30 38, HEH is totally unaffected by the OW wavef or FCT/US§}4650

| ine 57 since the CW is added equally to each of the phase volt ages
and therefore, there is no change in the vol t age across each phase

wi ndi ng. On the other hand, since the supply voltages for a given speed
may be 35 reduced, while the needed drive curk®nt is unchanged, the

power required to drive the systemis reduced. Note that t he vol t ages

across each phas¥nREF@cteIPY f£he L savgiorm on ligs 9571 5%3 remain

PCT/ US95/ 14650 ginusoidal, contrasted with the pHase driv@aféBedgésby the
i nusoi dal, contrasted with the

CW waveformon |ine.57, and remain .
3’3511 are \ﬂﬂ%’ﬁ%%é’i nusoi dal . ' Mbst or

phase drive vol t ¥ ATe WA .
all of the advantages of tMosthwentaldn o theadeanmtdges coff Vilidn invention

approxi mati o t C : W% aoo r@gﬁ i: VBUE,
alternative ?rrpﬁ\gyﬁ%ﬁet QHt%‘q"te’ﬁde)ct | ve,apé? gorl %%lg%gta coémrjr%gﬁrrr% 2 O3 %rée

that is si nuBekGalVodtaast vasshane | y Ahcskiernaitive drimpie plaete.

The peak anplit ude raRe iRARAS & 1Yortitems ivlfed\a iitrdn Modd vé’ﬂfﬁ%it{%'@'i/s
equal to the peak ,anplit ude and phase of, t he i deal conpon de_vol tage.
Figure 8 shows tﬁénﬂ’éﬁﬁqalofar{?si‘%g'%mw fhespn amplitaids and, Rhasen

to increase the Theetgeakn anplitddRl phady chatle ¥he oras asild the t he
Vol tages at 20" dpreitmedaly SBlal o' i P A i o s eho
needed to pr oduc@he_ ZWIQ\mmmde _volt_age. An al ternate enbodi nent
O e Phser ot S 4 SRS, Sl & iy MRSy | gl
reference to Fi gBFESSNLTHAVENLIOR (QsinGreagR the speedissinl thig reramelew.
The bi - directiongh a®uitersoUiditipated Vit kHé convdidessithl tndtiod, while
m crocontrol ler 1 y Dur,i n th%eserovsoitZiSVe saanraolrllen élr;; ervalkt‘pe\:'_t‘_:l es at
mi crocont rol¥®r FRipY Fhe p € peak vol.tag
'~ substantially the same level that the conventional method
needed to produce a 23% lower speed.
An alternate embodiment of the present
invention is shown in Figure 9. The components leading
20 to the microcontroller 12 are the same as those discussed
with reference to Figure 5. The differences will be
discussed further below. ' ' '
| . The bi-directional counter output on line 21 is
passed to the microcontroller 12. During the servo
25 sampling interval the microcontroller 12 performs a
number of calculations to produce two sinusoidal control
signals on lines 37, 40 and the common mode signal on
line 57. The sinusoidal control signals on lines 37 and
40'are added to the CMV signal on line 57 at summing node
30 51 théreby generating two outputs on lines 60 and 61,
respectively. One output of the summing node 51, is a
first modified control signal' on line 60 is passed to the
driver amplifier 1 whose output commutates the Phase A
motor lead 38 of the motor 39. A second output of the
35 summing node 51, a second modified control signal on line
61 is also passed to driver amplifier 2 whose output
commutates the Phase B motor lead 41 of the motor 39.



nunber of calcul ations to produce two sinusoidal control signal s on

lines 37, 40 and the common node signal on line 57. The sinusoi dal

cont r ogycdgixasy on |ines 37 and 40 are added to the ; on line,
57 at summ ng node 30 51 thereby generating two outputs on 1T nhes 60 and
61, respectively. One output of the summ ng node 51, is a first

nodi fied control signal on line 60 is passed to the driver anplifier 1
whose out put conmut ates the Phase A notor | ead 38 of the notor 39. A

second out put of the 35 sunm ng nodelgl a second nodi fied control signal

comut ot S PRLaETYE PR EBRES] Alppills M e S MO o 155e

PCT/ US95/ added to the CMV signal on line 57 through ;adder 4 ntharly, the

control shgpphe o ’wh&%ﬁ 36 e ﬁﬁad%.rfeied coaﬁq%ﬁh r%‘%ﬁf.ed Corgro? ajaon line

57 through adder 42 out put of whrch 1s si gnal
“on line 48hat 1?h&FaP§mt"-F§'ﬁ§mtt°t e (Sh't’-t’i’@r(:lﬁ%rl@rﬁﬂ i¥i s#hase whose 5

out puts costvpatesomhatBitase thePhalsd eRanctoOflddit 496X the mkor
The bi-diggctional counter output on line 21 is passed to the

m crocontToll er 12 thorough the velocity estimator 13, to obtain the
present speed of. th@hﬂobdr—diﬁ‘ecxhamalorcdummbutpﬂte awpine®shadt speed

on line 1 r 7 l.i.ne
subt r act o§ ?éed ?%I ﬁi{c&%cfghgegtlg%rzgre.ﬁe tz&ﬁgq‘?mttq‘&r d‘& éé-']gn line 17.
The speedeéFi’-EPtéroA:*Ivl &e P?tﬁé-np&%'@e@ﬂe@ent spesshah $hemd®mhose out put

the bi - | PEREFBREPS SEATOEHE, AsRizen [AHRSD 7 Mristy s (G Shoed < Rddec
generate aubbaaetam‘va_scedosbgaltallmftlié@:ﬁaed errdib‘ ree 3 ad nmwﬁer out put
Phe' LUT 530 oA"E3HR3EY, 20mBCLRlee Bl A A T S RGBT oS
of the ad§r§9§P§n§ﬁ§ﬁrtﬂédwhgsﬁh@utput24so¢he|ﬂ9n;onThmthorxnnpnn of the
LUT 34 ongk5Ag12a ohS18ukEt 1Bl.i ed l%)ifé&eoffse%o@td ﬁ A iaaud @@l u on
line 19, g# It| I|er g 122 tgtpg&gan a_nodi f au ority signal ua on
line 27. fefo pPs, proportional to speed is added to
the bi- dlrectlonal counter output on line 21 through
adder 22, to generate-a:phase advanced_signai of the bi-
directional counter output on line 23. The phase
20 advanced signal on line 23 is used to address the LUT 24
containing digital words that are a sinusoidal function
of the address transmitted to the LUT 24 on line 23. The
output of the LUT 24 on line 25, is multiplied by the
cbntr¢1-authqrity signal u on line 19, at multiplier 26,
25 to obtain a modified authority signal ua on line 27. The
modified authority signal ua on iine 27 is passed through
a DAC 28 whose output is a first control signal on line
37. The control signal on line 37 is added to the CMV on
line 57 at summing node 51 thereby generating a first
30 modified control signal on line 60, that is transmitted
to driver amplifier 1, used to commutate Phase A 38 of
the motor 39. A.second.offset 29 having a value of 120°
Plus 22° for every 62 ips, proportiocnal to speed is added
‘to the bi-directional counter output on line 21 at adder
35 31 thereby generating a phase advanced sighal of the bi-
directional counter on line 32. The phase advanced
signal on line 32 is used to address the LUT 24 whose

is the coghaet aut henkt 4715 mle%a:lnwt@a g £l Bpeel fdd Sitird fL13 L0 haV‘ﬂg

4




nDdffied authority signal ua on line 27 is passed through a DAC 28

whose output is a first control signal on |ine 37. The control signal
on kine 37 is addeg§%o the CW on line 57 at sunmm ng node 51 theregx
generating a U nodified control signal on |ine 60, t hatPGHU

transmtted to driver anplifier 1, used to comutate Phase A 38 of

the notor 39. A second of fset 29 havi ng a val ue of'120[err] pl us
22[err] for every 62 ips, proportional to speed is added to the

bi -directional counter output - on line-21 at &¥der 35 31 thereby generating
a phase advanced signal_of  the bi- directional counter_ on |ine 32. The

phase advanced OutB#gnd? % Puheipdied b¥eBbeocapbreisaukBOrity 2 8igRadeu
WO 96/ 15583 on line 19 at multiplier 34, to oBEdikSA5hd4689ed

19 output 33 i.s nultl lied, by.the contr aughori t

line 19 at nultliﬂF%ﬁ Y $ 3ot ¥ﬁ n%ﬁ??lgé &HQUPH§F§%§HSPBHQPr&BYon
i ne 35. The m)cb:[gmu. aubhom i 1ime BSSignpassbdonhrough%m a peesad DACOBEGh
to a second AC o t S o] si.gn Nyhi ne 40.
Cont r ol S|gnal 4 %ﬁﬁﬁﬁ% f%pg %iépﬁd SsﬁEQOE Qiéﬁé% bﬁ kogsuhnlng node
51 to produce trQDE%%@%dshﬁﬁailéﬂ é%n@@@ed to thgné@MVoaighad er Wineh57

conmut ates the Rjasgurnfrdg Chodd€s51 ton?iﬁga};ggsghgoﬁté$gﬁa ﬁaakﬂéar clgﬁte:IB;

CW signal on I|ne 10, 5 & g
and second cHHRZ} g#%? 1IVH§°§O°9@”§HGE?S4E eTRBa ﬁtﬁuﬁl of Ehet he
adder 42 is transstdt 30 twia driver amplifier 3. ThehOMV siigpsdl efantuhat es

the Phase Cl o W%Pdiéx%é&e&rﬁh then?19£ 380n%g 3lgﬂ%%m°PnEﬁP§O Ogﬁats

whi ch generate Wavef or m |ne
third of fset 53 secomwcmgtaoibasmel qso{.ene]4glas adderhé2d (The)ouftput
22[err] for & e Oxades @ﬁopgréfeﬁaﬁueeeapesd 'ﬁr@@%@daﬁl li?.ﬁe? 3

di rectional counter output on line ut o
adder 50 on | i né"hpBe | QUERYE %SmﬁﬂtéﬂﬁﬁeEEG Phagg ?hésLEFnQBngTﬁé EBﬁtents

of the LUT 48 ampptsaeBas to produce the CW S|gnal on |ine 57 depicted
to Figure 6 when driv, t he si gnal Lne The o ut_of _the
LUT 48 on |ffe 55 is passégh ¥ ﬂn?ﬁgstﬂf}ﬁg ﬁﬁﬁ?ﬁaEg Qﬁﬁt yaveform

transmtted to con diidee 32 ame shewnunn1ﬂggunde9. A third offset 53
having a value of 180° plus one-third (1/3) of 22° for
every 62 ips proportional to speed is added to the bi-
directional counter output on line 21 at adder 50. The

20 output of the adder 50 on line 54, is used as an address
to the LUT 48. The contents of the LUT 48 are such as to
produce the CMV signal on line 57 depicted to Figure 6,
when driven by the signal on line 54. The output of the
LUT 48 on line 55 is passed through the DAC 49 whose

25 output is transmitted to an adder 42 and the summing node
51 on line 57. Since driver amplifier 3 is inverting,
the CMV signal on line 57 is subtracted from the input of
the adder 42, but added to the inputs of the summing node
51.) In this way, the CMV signal on line 57 is introduced

30 as a common additiwve signal to all three phases. The
multiplier 56 ensures that the CMV signal on line 57 is
proportional to the drive voltages. A general algorithm,
suitable for determining the correct CMV waveform on line
57 for a particular shaft position is: the CMV amplitude

35 is equal to one-half the phase drive voltage whose
absolute value, in absence of the CMV, is the smallest
of:



51 on line 57. Since driver anplifier 3 is inverting, the CW signal on
line 57 is subtracted fromthe input of t he adder 42, but added to the
i nput s umm ng node 51. In this way, the CW gj ine 57
S int?@%ﬂ%e 30 as a common additive signal to all thr '§§&%§@“; The
mul tiplier 56 ensures that the CW signal on line 57 is proportional to
the drive voltages. A general algorithm suitable for determning the
correct CW waveformon line 57 for a particular shaft position is: the
CW anplitude 35 is equal to one- hal % he phase drive vol tage whose
absol ute val ue, in absence of tqgﬁgww smal | est of : VO
96/ 15583 = l/éSIRP PCT/ US95/ 14650
20 where the amplitude ofChiie- CMV? sigmalV[iss rdroportiumizl tthe
anpl i tude h §W¥ﬁ? Qﬁﬁl I enpirically
determ ne%B%o&bgn %‘lﬁ't gfe%% 51ea t;?te(ri)etsor’ sq-‘esdfe%q{ e
Anot her abeaknpes éﬁbéﬁﬁnent of the present: |nvention I'S shomn I n
Figurg 10. This e”hﬁ@tﬁéﬁtau%éfﬁite enbdEE migh ﬂ#é3 %ﬁ?h

na 3{ er 43 has been

reference,to Figure 5, above, , .except that the a

renmoved ab@vergion, aF|§EPWanﬁP|ﬁ%&un§ul9 ‘norRif, & effe e ment 10
i Il ustrat edmenasi ghae a&scmmtiemlm tefei@ridee ddfh%re 5 Stzm@vé)ot h the

cont ol 2R3 ERTRAAIO R Bt YRKELOWR pag peiie Tiaidict! dla e 0"
A first offdeersagpiifierhlyilsgnenrdnvertingy| dhe en&:odmezm/ery 62 i ps,
propar | Oi‘]’?itéQEriesﬁd inl ?1%@&%‘1 f()oog%‘i:ates Ry HahA quvancegﬂtsjl naI out put on

line 21 at ucli ng a“phase on |i
23. LPReresbpth 5be Fen&a&nle@dt W@nﬂm mdern@lmargezmavefm.al ns

digital vexefpligiear Byaaaynu»m@ ¢ tHe thaieeeSRNialTipedf R FiRiess
transntttgd tQ.i a line 23. The output of the L 24 on line

as is hu???p%ﬁgde@y FﬁXeE8ﬁF¥o| authority signal u on line 19 at s
mul tiplier 26, to oht first mddisetedigmaloRiot hasiigipla valuea ofh 22e 27. The

rodi Ehedoﬁgtggtga mgzggﬁts UBRBoAonad 2 sipeedfiS 330 e ¥b drld st DAC
bi- d1rectlonal counter output on line 21 at adder 22,
thereby producing a phase advanced signal on line 23.
Line 23 is used to address the LUT 24. The LUT 24
contains digital words that are a sinusoidal
20 representation of the address transmitted tc :1ts input
via line 23. The output of the LUT 24 on il:ine 1%, is

multiplied by the control authority s:gnai u cn line 19

L84}

at multiplier 26, to obtain a modified authority signal
ua on line 27. The modified authority signal ua on line

25 27 is passed.through a first DAC 28, the output of.Which,
a first control signal on line 37, is transmitted to
driver amplifier 1. The output of driver amplifier 1
commutates the Phase A lead 38 of the motor 39%. A second
offset signal 29 having a value of 120° plus 22° for.

30 every 62 ips proportional to speed, is added to the bi-

~directional counter output on line 21 at adder 31 to

obtain the phase advanced signal on line 32. The phase
advanced signal on line 32 is used to address the LUT 24
whose output on line 33 is multiplied by the control

35 authority signal u on line 19 at muitiplier 34, to obtain:
the modified authority signal ub on line 35. The '
modified authority signal ub on line 35 is paséed through



a first control signal on line 37, is transmtted to driver anplifier
1. The output of driver anplifier 1 comut at es the Phase A | ead 38 of
the; mot or  39. yhy &PEessd of fset signal 29 having a val ue of 1gEf/psds14EdpUS
22[err] for 30 every 62 ips proportional to speed, is added to the bi-

directional counter output on line 21 at adder 31 to obtai n the phase
advanced signal on line 32. The phase advanced signal on line 32-is
Used to address the LUT 24 whose out put 9 line 33 is nultiplied by the
control 35 authority signal u on line 19 at Eultlpller 34, to obtain

the modi fied authogLhx gl gaal 2ub ehel LABEAR oFfnscn Ml kP Udh¥ldyY

signal ub on li n® I'S"passed "t hroug
PCT/ US95/ 14650 signal on line 40, 1s transmitted :p drlve;ggmpimﬁugmgzge

the output of Wh*rﬁé 861:56‘&08@ eag! El?liver aﬁipg.'i%lle?:n 2 'd&ﬁm@ﬂat‘e“s iR PHadeed

to driver anplifie t put of driver anplifier 2 conmmutates
t he Phase B Pe&ﬁa@146f°Fh§hﬁDFSF°§939°5 A third of fset

si gnal 633 hay ng- a ;/al ueI oh t&dkar b]Efset allgezag.nsst halahtih rfgléa3)valfue?2)ﬁ‘ @so°
every | pS proportiona | to the -alrectio

count er out put oﬁf PFnEhéfda3123§ f5§2% ETo VST 5‘% 5. PTEP] %1@5}?&
to ] address the spEea4lnhaddedutputhesbdubnmadUm¢da¢tdumnhér<nmupuﬂ on
gut ority signal [ | ti phi.er

viavef ormon |i nelgﬂgmﬁgsgeaéafﬁ% gﬁ &Jh ou (t)-'r tQ o%‘a to thaltg%fsgq{to
first control siaédress FhﬁeLUT 237wa@aes@@&wtcm rltdpdded &y thee 40.
The QW 14AV eEGAEYEN Ahaﬁoéatys s&@ﬁ&lp%s%d 1t1hre0119ha% w1 g4 S 65

whose output is transmtted to diiver i er se out put
ommut at es t he Pﬁﬁs@bE?FEaHhESCUV %mf°§9 1i%e" Whﬂﬁ%nﬁmﬁlﬁfHQﬁals
tihr ee of:‘]I s]§ts 20pr8§oramdn53 tal khat ofhthe flast dzrcnm:o&a\seifguais om ime
enerate rom o p t he cw
veformon [i ne§§7aﬂ‘geﬂg§8pa c%%%_é%& éé‘lgég}gily oélsl oevvn4(1N0 gehure 6; any
rleasonabl e wpveiomatpnn;laegSZalslN@GNaw@saﬁdIthnqnﬂhuﬁlhhﬁranAﬂl49

e penelid S hobBCo aepﬁtsasw@ﬁhgmtga el A0 lamp1 1€ ¥ B wpdER
GNV, LUT 48 In Fi | spensed mnth Since there already
QXIStS a LUT 24 qhgggt ccmmutates the Phase C lead 45 of the motor 39.

By introducing the three offsets 20, 29, and 53, all
three phase drive waveforms may be generated from one
look-up table 24.
20 | Note that the CMV waveform on line 57 need not
be precisely as shown in Figure 6; any reasonable |
. approximation, e.g. a sine wave, will produce most or all
of the benefits of the precise waveform. In the case of

a sine wave CMV, LUT 48 shown in Figure 5 may be
25 dispensed with since there already exists a LUT 24 whose
contents are a sinusoidal representation of the address.
Suitable addressing and multiplexing of the LUT 24 will
allow it to deliver the sine wave CMV signal of correct
amplitude (still using multiplier 56) and phase (using an
30 appropriate offset to the look-up table address). The '
magnitude of the common mode voltage is typically about
- 25% of the peak drive voltages; therefore, the number of
bits of additional digital-to-analog converter 28, 36,
and 56 of Figures 5 and 9 need only be one fourth of the
35 number of bits of the two digital-to-analog converters 28
and 36 need to driver amplifiers 1 and 2. By contrast,
in the embodiment of Figure 10, all three digital-to-



contents are a sinusoidal representation of the address. Sui t abl e
addressing and nul tiplexing of the LUT 24 w | allow it to deliver the

si ne : signal of correct- anplitude (still usi ki er 56)
and pﬁgégﬂﬁgg?ng an 30 appropriate offset to the Iook-dgg?§%+éh§hdress).
The magni tude of the common node voltage is typically about 25% of
the peak drive voltages; therefore, the nunber of bits of additional
digital -to-anal og converter 28, 36, and 56 of Figures 5 and 9 need only

be one fourth of the 35 nunber of bi$% of the two di gi tal -to-anal og
converters

8 and_36_ne tg driver |lifiers 1 _and_2..By contrast,
in the e '%n?o%‘feﬁ%fﬁefgo,ggrIa{lﬁrégnﬁf“ah veothe £611%) o) 15583
PCT/ US95/miser of bits. : 22 anal og converters
28, 36, and 49 nustaf%H e I sPLLS. '
Al t hough the preferre g%%%d?%gn#rﬁgg:ggggghbeaagééﬁing.PﬁePhq cont ext of
a speed @sfAgwibedsirnthe)epntextoafent fpAEA ppEsAshBYsStEm, dWisd: i onal

Speedscoﬁdrﬁ}entioﬁﬁt%réﬁéhéﬁf! bi0ai PEcEPBHAY! s?éé&e%néirﬁlexarm' es of
control Zystens whi ch wopl d benefit fromthe use of the I nvention. The
pr ef er r e FYSHSSH PRRLLLNIRESEPREERL SYSHEMA2ke GXRMBARE: CSuppl y with
equ?! pgﬁdﬁnmn}unyéfbmmeghithewuuldagenefibeftdmeahEOﬁséSoequhbly

applica

[ « . a Skogl u LN ich.the ound of the
dunl  supd BRI SPE FoSEed, BRbKATBLE hag HEe8 aenEdbRAY O] 00
Furt her, usiagmeciuabrpewer syupply witheequabepoabbtivenahl al so work with a
systgg t HSEfe drdPe I PRECiIRFENESY |y | X284 I pce there
need r%eg_no round %%?éfent ienl?ﬁengua sgpgﬁuhgggt %ﬁ*’ggﬁéb%% PS _ i
vol t age & SIRG rEﬂ%?%u$$991¥y§Y§ﬁ¢FslﬁuWBF9 nBReoggpund of the | t
shoul d betuydendpDe syetenl iHorgplabed witRr RATEr 88 eHBOdiAgNLs of the
present inve tionzggve bee&fzqhillu rated gnd desciibed vari ous
nodi fi catd X n&peotee- FHP8Ee ohBe aBBEPENFOREEPHOSESERM 1 ed in art:
and, desaribed) | aghovaewslbpalsd workpwitkna syseemi thashosks he
defiygd QiaedVoddle FEPOREGELGE BOAiAREXCHESNHEY ©NCBince LHELECheed

be no ground current in the dual supply system, the half

voltage of the single supply system is purely notional.

It should be understood that although the
preferred embodiments of the present invention have been
20 illustrated and described, various modifications thereof

will become apparent to those skilled in art; and,

accordingly, the scope of the present invention should be

defined only by the appended claims and equivalence

thereof. : '



2 3’ : CLAI M5 mB&mR jged or apparatus for a

tape drive, conpri sing: a brushﬂ@ conpr|5|ng a stator and
a rotor; el ectroni c neans, couple (39), for generating
a reference sVO415¥dsed on position o sald el ect Ha465e

further includimng CIILUILIy respoensi ve to sald reference signal to generate

a control signal connnn node signal that varies in.
accordance with w@!ﬂ !ﬂ"ﬂﬂjﬂﬂ +summ ng means (43]], ﬁ@%gﬁ bR BEEN
said electronic sald contrZg signal and gai d i ReppAGED
common node si gnal to produce a nodified control signal, s
control signal operative to conmmutate sai d=LfcEMS 2. The apparat us
of claim1l, wherein said el ectronic neans conprises a nicrocontroller (12).
3. The apparatus of cla|n11 wher ei n: pptor is a nultiphase notor
having a plurality of stat ﬁ%d@%FQﬁrﬁPPEE??*%a%%E 2 €gpe g1 ¥gy d
el ectroni ¢ nmeanonfpyriig ivrs: a |l ow out put inpedance anplifier (3)
coupled to supply a flrst P 0 phas i ndi pgs,and a
hi gh out put inpedance arrplnli) {@?%IC%%%J& ‘3@ ‘-goéé'g%%lr’%/ %fgrg%%nnggo % ?Phase
A B) of said stamomh@mﬂvm nd| ngs. 4. The appar atus of claim 2,
wherein said microcontrol |fre &%eHisS SReans £GP GENEr §,Q% %&dggg‘?esal d
es

reference signal to an offset value to produce an addr
| ook- up-t abl e (@Eﬂn%%nuﬁ%&ﬂt%gq&§¥Y%uﬁ&Sn§%0§° %*%Ql%%%dsﬁ?ﬂtEthnn

nmode signal resgarfiiale g connfhtidtel 65e6id motord. The apparatus of claim 4,
wher ei n: said | ook-up-table (48) contains a plurality of val ues :

responsive to said address to- provide said cormmon node signal
2. A motor apparatus for a tape drive,

comprising:

a motor;

electronic means, coupled to said motor, for
generating a reference signal, said electronic means
further including circuitry which generates a control
signal and an in phase common mode signal; and

summing means, coupled to said electronic
means, for adding said control signal and said in phase
common mode signal to produce a modified control signal,
said modified control signal operative to commutate said
motor. '

~ 3.,  The apparatus of claim 2, wherein said
‘electronic means further includes:

a processing circuit which generates a
reference signal based on position of said motor.

' 4. The'apparatus of claim 2, wherein said
electronic means further includes:

a microcontroller which provides control
signals responsive to said reference signal, said
microcontroller further providing a common mode signal
responsive to said reference signal.

5. A motor apparatus for a tape drive,
comprising: '



6. The apparatus of claim4, wherein: sai d common node signal has a

sinusoidal wavef orm 7. The apparatus of clain14 wher ei n: f sai d
COMMD g, ' Langul ar waveform thod o
|ncrea3| ng ﬁ?g ef lency of a notor conprising the ste sggﬁm (a)

obt ai ni ng veI oci m}i ﬂl' ﬂuﬂ'm’ for mat i[g8 ==cit (b)
generating a ref -sai d Vi i ition _
i nformati on; (c) gene ating a contr flit=s gai d reference
si gnal ; (d) generating a conmon 4fbde™s - =on sald reference

si gnal ; (e) .summing said control signal and sai d cormoh node signal to
produce a modi fi ed & HR i signal; and (f) commutating said notor with

sai d nodi fied contmolproaessing circufx, Tdeupbéd ot Ofa £l ambt8r, Wherei n step

() comUIeh iy o rerersldl gihds @ predeterm ned value o sald
| ook-up-table contd& MWQF%WJ}QW- ctoupled st said gprocessingi gnal ;
Ergéemsll t Ealhﬂeu&& t R S&i‘olS‘;dBe?'&ﬂ%I WPl & FOsp5RGHGE 81 d common
PCTlusggp%&§56eference signal, said microcontroller further

providing a common mode signal responsive to said

reference signal; and .

a summing circuit, coupled to said control

signals and said common mode signal, to'produce a .

modified control signal, said modified control signal ‘}

being electrically interconnected to said motor to

commutate said motor.

6. The apparatus of claim 1, wherein:

said means for providing said control signél
can be either a low output impedance amplifier or a high
output impedance amplifier.

7. The apparatus of claim 5; wherein said
.mierocontroller further comprises:

an adder coupled to said processing circuit
which adds said reference signal to a offset value to
produce an address; and

a look-up-table, coupled to said adder, which
prcvzdes said common mode signal respon51ve to said
address.

v 8. The apparatus of claim 7, wherein:
said lock-up-table contains a plurality of
values responsive to said address to provide said common
mode signal.

9. The apparatus of.claim 7, wherein:
said common mode signal has a sinusoidal

waveform.
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25 ° 10. The apparatus of claim 7, wherein: sai d

chHDS n?de signal has a triangul ar wavef orm 11. A
met hod of- increasing the efficiency of a not or conprising t :
(a) obtaining“UBWHﬁng and position information f?2n15a|g ngﬁgﬁﬁgﬁﬁAQ%
Qb) generating a reference signal fromsaid vel'ocity and said position
i'nf or mati on; (c) generating a control signal based on said
reference signal; (d) generating a conmmon node signal based on
said reference signal; s (e) summ@hg said control signal and
said common node S|gnal to produce a nDdlfled control signal,; and

(f) comutating sai d notor 1@t hTBei apPadrtusd oL cdgdm Ji. ﬁh@%ﬁln-
12. A nethod of increasingghhig ebhineheh@deobignal Halsoh toHRkigulag t he

steps of: " (a) obtaining the voltage anplitude from each
phase of said rovayeform. (b) determining the control signal with
t he smal | est vol tage anplitude; (c) generating a conmon

mde voltage equal to . ohgnahf pLoaPRY Yk Qe LlnAd TR of a

control  voltage anplitu conmon “node
voltage with salﬂotorvcbmpg351ngonheaemeWﬁa§§ :of said notor thereby

creating a nodi fi ed contLel
said motor with said nDdlfBéz OEQ%%%Q?gi%%%aﬁiig and pos1ﬂfﬁn<¥ﬁﬁ6£ﬁ§ﬁ%§h

met hod of cIa|n1iI9mmﬁéF€|H°§P€p (d). conpri ses the steps of: .
(a) adding a predeternined(p3 yene¥atdng a reference signal from said

velocity and said position information;

(c) generating a control signal based on said
reference signal; |

(d) generating a common mode signal based on
said reference signal; '

(e) summing said control signal and said common
mode signal to produce a modified control signal; and

(£) commutating said motor with said modified

control signal.

- 12. A method of increasing the eff.c:ency of a
motor comprising the steps of:

(a) obtaining'the voltage amplitude from each
phase of said motor;

(b) determining the control signal with the
smallest voltage amplitude; '

(c) generating a common mode voltage equal to
one-half the absolute value of said smallest control
voltage amplitude; |

' (d) summing said common mode voltage with said
voltages from each phase of said motor thereby creating a
modified control voltage; and

(e) commutating said motor with said modified

control voltage.

13. The method of claim 11, wherein step (d4)

comprises the steps of:
(a) adding a predetermined value to said
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26 reference signal to produce third signal; : (b)
addressi ng. a | ook-up-table containing a plurality of values with said
third g’%ﬂ ; (c) multiplying the output ofPGHPIPSIAER- up-
table to produce said comon node signal. 14. A notor
apparatus for a tape drive, conpri si ng: ' a notor; .

a processing circuit coupled to said notor, . which generates a reference
si gnal ; a mcrocontrol |l eBécoupl ed to said processing

circuit, said mcrocontroller operative to produce a first contro

si gnal -antefereBgAdsigRalorospgRance thigdogdignalio sai d reference signal,

sdid nmicrocontrol l efp) GEAREEELAG AN 1¥dMep euMI] ddhsAididy }cessi ng .
circuit ogeigtlve to gdd sai,d_reference ﬁggal t.o an offséet val ue to
produce aPTRHRAFEEY OF VBoREHp¥ELH 821t firEsd SFenald adder, which

prﬂ/! d|e$ said comc"lromcbmdjngitgpiyingsphasbufzput tof said adibkeq ° fo- a .

mul tiplie p -un- " ensure said comon node
si gnal arr{') |?§d{é8ig£8dﬁglreogér9 ig#é{lfnopomp%%[ %‘Igtn%&l‘d first control signal
and said second control signal; and : a summing circuit,
coupled to said firgh  aCRBtE? adbgrak ' e (3#3 | signal, and
said  conmon, nmbde signal to prgggc_e a"ﬁ’;?i‘% %d%%g%t ro rvl;e?'gn_al ,  said
modi fi ed eWPF6PLBIgnal being electrically i'nterconnected to said notor
to communi cat e sai danmbebr; _ :

a processing circuit coupled to said motor, ‘,
which generates a reference signal;

a microcontroller coupled to séid processing
circuit, said microcontroller operative to produce a

. first control signal and a second control signal'

responsive to said reference signal, said microcontroller
comprising an adder coupled to said processing circuit
operative to add said reference signal to an offset value
to produce an address, a look-up-table, coupled to said
adder, which provides said common mode signal responsive
to said address, a multiplier coupled to said look-up-
table, to ensure said common mode signal amplitude is
proportional to that of said first control signal and
said second control signal; and '

_ a summing circuit, coupled to said first
control signal, said second control signal, and said
commén mode signal to produce a modified control signal,
said modified control signal being electrically

interconnected to said motor to communicate said_motor.
+



